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Abstract
Cobalt ferrite (CoFe2O4; referred to CFO hereafter) is one of the most promising materials
from the ‘ferrites family’ with a large cubic magnetocrystalline anisotropy (1.8 – 3×105 Jm-3 at
300 K). CFO exhibits unique, distinct characteristics such as higher Curie temperature (~793 K),
moderate saturation magnetization (80 emu/g), higher coercivity (5400 Oe), excellent chemicalstructural stability, large Kerr effect, Faraday rotation and good mechanical hardness at room
temperature. While it is well known that CFO is found in inverse spinel structure of the form
AB2O4 , where O atoms are arranged in a face centered cubic lattice, A tetrahedral sites (Fe3+), and
B octahedral sites (Co2+), it is also known that there are many unoccupied interstitial sites in the
structure, which favors the movement of cations.

To enhance dielectric properties for sensor

applications, CFO needs to be doped with suitable metal ions. In this work, molybdenum (Mo)
doped CFO (CoFe2-xMoxO4; referred to CFMO hereafter) ceramics were prepared using solid state
reaction method with variable compositions (x = 0.0 - 0.3). Crystal structure, surface morphology
and dielectric constant of CFMO were studied. X-ray diffraction (XRD) observations confirm that
CFMO has inverse spinel crystal structure with a lattice expansion of ~8.3 Å with increasing Mo
content and also increase in density of the compound. Scanning electron microscopy (SEM)
analyses indicate an increase in grain size with increasing Mo content.

The dielectric

measurement results of pure CFO compared to those of CFMO compounds are enhanced because
of the distortion created by the Mo incorporation attributed to the Maxwell-Wagner type
polarization. The results demonstrate that the crystal structure, microstructure, and dielectric
properties can be tuned by Mo incorporation in the CFMO ceramics.
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Chapter 1: Introduction
Ferrites have been known as important magnetic materials for some 80 years now [1]. With
their outstanding properties such as high electrical resistivity, large permeability at high frequency
[2-4], high saturation magnetization [2-5], high cubic magnetocrystalline anisotropy [4, 5], high
Curie temperature TC [5], high coercivity [4-6], high magnetostriction coefficient [4, 6], low eddy
current [3], chemical stability, mechanical hardness [4], wide variety of applications in science
and technology have emerged [4]. Ferrites have drawn the attention of the scientific community
because of the wide variety of applications in electronics [2-5, 7], magneto-electronics [2-4, 6],
optoelectronics, magnetics [2, 4, 7], microwave devices [4, 5, 7], ferro-fluids, high density
information storage [5, 7], actuators, transducers, sensors, non-volatile memories [6],
biotechnology [4], electrochemical devices [4].
The purpose of the present study is to explore the effect of Molybdenum (Mo)
incorporation on the crystal structure, surface morphology, and dielectric constant of cobalt ferrite
(CoFe2O4). The evident objective in this research is to investigate whether the addition of Mo into
CFO will amplify the dielectric constant while simultaneously remaining an insulating ceramic
material.
The following pages of this chapter will help explain general ferrite characteristics, along
with some background information, different types of ferrites, and other features pertaining this
subject.
1.1 Introduction to ferrite materials
The first known ferrite was common magnetite (Fe3O4), which was first used to magnetize
the needles used as compasses for the marines to help them find the four cardinal points. But later
people realized magnetite was not convenient for magnetic applications, because of its poor
magnetic properties. The general formula of ferrites is MOFe2O3 or MFe2O4, where M represents
the divalent metal ion, such as: Mg2+, Mn2+, Ni2+, Cu2+, Co2+, Fe2+, Li+, Zn2+ [1]. These magnetic
ceramics advanced because of their high electrical resistivity (greater than 105 ohm-cm), low
1

dielectric loss and strong magnetic coupling. Because of the great variety of substitutional solid
solutions that can be produced with ferrites, their magnetic properties can be customized on an
extensive variety of Curie temperatures (100 °C to several hundred °C), remanent polarizations,
saturation polarizations (detectable but smaller than that of ferromagnetic materials) and coercive
fields [8, 9]. Lately, the point of interest of many researchers has become spinel ferrites because
of their wide range of applications in high density information storage systems, ferrofluid
technology, magnetocaloric refrigeration, magnetic resonance, medical diagnostics, gas sensors
and magnetic resonance imaging enhancement. CoFe2O4, one of the spinel ferrites, has been
intensively studied as a result of its superior coercivity, large magnetostrictive coefficient, superior
magnetocrystalline anisotropy, moderate saturation magnetization, mechanical hardness and
chemical stability [10].
1.2 Spinel ferrites
The most certainly used ferrite is spinel, which is why many times both terms are used
interchangeably. Spinel structure was named after the mineral MgAl2O4 or MgOAl2O3 (spinel) [1,
11]. Similarly to the mineral spinel, magnetic spinels follow the general formula MOFe2O3 or
MFe2O4. The trivalent ion is usually Fe3+, although it can also be Cr, Mn or other element. Even
though Mn and Cr are not ferromagnetic elements, when they are combined with oxygen and other
metal ions, they can perform pretty much like magnetic ions. Also, in the magnetic spinels, the
divalent ions can be replaced by Mn2+, Ni2+, Cu2+, Co2+, Fe2+, Zn2+, or combinations of these.
Furthermore, when Fe3+, Fe2+, Ni2+, Co2+, and Mn2+ are present, they provide unpaired electron
spins, and contribute to the magnetic moment of a spinel [1].
The smallest repeating unit in the spinel structure is composed of a closed packed
arrangement of 32 oxygen ions. Between those oxygen ions, two types of interstices are found:
tetrahedral and octahedral. Tetrahedral (or A) sites are surrounded by 4 of the nearest oxygen ions,
while octahedral (or B) sites are surrounded by 6 of the nearest oxygen ions. The spinel unit cell
consists of 32 oxygen ions, 64 A sites and 32 B sites. However, from the 64 available A sites,
2

only 8 are occupied and from the 32 B sites, only 16 are occupied. The spinel unit cell is made up
of two different subcells. These subcells alternate in a 3D arrangement, which results in a total of
8 subcells per unit cell, as shown in Figure 1. The ferromagnetic mechanism links the negative
exchange of atomic moments of ions on the two different interstitial sites, and thus, many of the
properties of useful ferrites can be guessed based on these interactions and site preferences of the
metallic ions [1].
Divalent ions are usually bigger than the trivalent ions because the greater charge creates
more electrostatic attraction and pulls the outer orbits in [1]. Some of the ionic radius that
exemplify this statement are shown in Table 1. Also, Table 2 shows the unit cell dimensions of
some spinel unit cells with different divalent ions.

Figure 1: Spinel structure unit cell showing two of its subcells. Adopted from from [1, 12].

Table 1: Ionic Radius of different Metal Ions included in Spinel Ferrites.
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Data is collected from Reference [1].
Metal

Ionic Radius
(Å)
0.78
0.70
0.91
0.83
0.67
0.82
0.78
0.70
0.82
1.03
0.57
0.64

Mg
Mn3+
Mn2+
Fe2+
Fe3+
Co2+
Ni2+
Cu2+
Zn2+
Cd2+
Al3+
Cr3+

Table 2: Unit Cell Lengths of some spinel unit cells.
Data is collected from Reference [1].

Ferrite

Unit Cell Length
(Å)
8.44
8.51
8.39
8.38
8.34
8.36

Zinc Ferrite
Manganese Ferrite
Ferrous Ferrite
Cobalt Ferrite
Nickel Ferrite
Magnesium Ferrite

The general formula of a spinel is AB2O4, in which A cations are in the oxidation states of
+2 and B cations are in the oxidation state of +3. This structure consists of oxygen ions stacked
in FCC, the cations occupy one eighth of the tetrahedral sites and one half of the octahedral sites.
There are two types of spinel structure: normal spinel and inverse spinel. Normal spinel is made
up of A2+ ions occupying tetrahedral sites only and B3+ ions occupying octahedral sites. It is
4

common that larger cations prefer to occupy the bigger octahedral sites, and vice versa. On the
other hand, in inverse spinel, the A2+ ions and one half of the B3+ ions occupy octahedral sites, and
the remaining half of B3+ ions occupy tetrahedral sites [13, 14].
Magnetic properties are present in materials as a result of the net magnetic moments of
electrons in the atoms that make up the material. Two main features create a magnetic moment:
the orbital and spin motions of the electron. The orbital magnetic moment caused by the electron
motion around the nucleus can be related to the current in a loop of wire without resistance.
Ampere’s law states that a moving current encircling an area of a loop results in a magnetic field
perpendicular to the plane of the current [8]. The negative interaction or exchange force between
the moments of two metal ions on different sites depend on the distances between these ions and
the oxygen ion that links them and also the angle between the three ions. The greatest interaction
appears when the interatomic distances are shortest and the angle between the ions is 180° [1].
The ferromagnetic nature of ferrites is closely related to the interactions involving the major
contributor or the A-B interaction that orients impaired spins of these antiparallel ions. In the AA and B-B interactions, the angles are too small or the distances between the ions were too big.
The best combinations of distances and angles were A-B interactions. Therefore, to achieve a
consistent crystal, A and B sites are behave as linked blocks and are antiparallel coupled as blocks.
Also, thermal agitation on the magnetic moments will lower the magnetic moment; therefore, the
link between the moment and Bohr magneton is always referred to the value at 0 K [15].
1.2.1 Normal vs. inverse spinels
Even though spinels are classified as normal or inverse, mixtures of the two can be
achievable. The ratio will commonly depend on the preparation method. The first studied ferrites
were composed of Mg and Cu, in which Fe3+ on the tetrahedral A sites of the inverse spinel was
reduced by thermal treatment. Thus, resulting in an imbalance of Fe3+ ions on the two sites and
creating a magnetic moment. Also, zinc ferrite can have a small moment, even with Fe2O3 with a
higher than 50 mole percent. Usually, in the spinel formula, the tetrahedral ions are situated before
5

the brackets, and the octahedral ions inside the brackets, i.e.: zinc ferrite is written as Zn[Fe2]O4
[15].
1.2.2 Ferrous ferrite
The ferrous ferrite (commonly known as magnetite), is represented by the formula
FeOFe2O3 or Fe3O4, and has a completely inverse spinel structure. Also, it has a theoretical
moment of 4, and an experimental moment of about 4μB, because the Fe2+ ions occupy the
octahedral sites [16]. Additionally, below 119 K, ferrous ferrite transforms into an orthorhombic
structure [17].
1.2.3 Zinc and cadmium ferrites
Both zinc and cadmium ferrites are, with no doubt, normal spinels when following standard
preparation conditions [18].
1.2.4 Manganese ferrite
At first, it was believed that manganese ferrite (MnOFe2O3 or MnFe2O4) was inverse
spinel. However, it was later discovered that manganese ferrite is approximately 80% normal
spinel. Also, its theoretical moment at 0 K is 5 μB, but its experimental value is about 4.6 μB [18].
1.2.5 Cobalt ferrite
Cobalt ferrite (CoOFe2O3 or CoFe2O4) is completely inverse. Furthermore, the theoretical
moment is 3 μB, while the measured moment is 4 μB [19].
1.2.6 Nickel ferrite
Nickel ferrite (NiOFe2O3 or NiFe2O4) is 80% inverse. Additionally, its theoretical moment
is 4 μB, while the measured moment is 2.3 μB [18].
1.2.7 Copper ferrite
Copper ferrite (CuOFe2O3 or CuFe2O4) is partially inverse at high temperatures. Also,
when this structure is quenched, it can maintain a partially inverse structure at room temperature
[20-22].
6

1.2.8 Magnesium ferrite
Magnesium ferrite (MgOFe2O3 or MgFe2O4) can become partially normal at high
temperatures. Also, when the normal structure is quenched, it will be able to maintain a partially
inverse structure at room temperature. Additionally, rapid cooling results in a normal structure
and slow cooling will result in an inverse structure [20-22].
1.2.9 Lithium ferrite
Considering that Li is monovalent, there will be an excess of Fe3+ ions to maintain a neutral
charge. Therefore, the formula of lithium ferrite will be Li.5Fe2.5O4. The extra .5Fe3+ is utilized to
keep a balanced charge. A Li+ will replace every fourth Fe3+ in the octahedral sites. The calculated
magnetic moment is 2.5 μB, compared with the experimental magnetic moment of 2.6 μB [1].
1.2.10 Gamma ferritic oxide
A particular spinel structure that has no divalent ions, but remains a magnetic material is
γ-Fe2O3. The accommodation of its ions is quite unique: two thirds of the octahedral sites (usually
occupied by the divalent ions) are occupied by Fe3+ ions, although the other third is vacant. This
adjustment not only gives the same charge of the replaced divalent ions, but it also produces an
imbalance in the numbers of Fe3+ ions on the two different sites, creating a magnetic moment. The
calculated magnetic moment is 2.5 μB, compared with the experimental magnetic moment of 2.3
μB [1].

1.3 Methods
The most popular goal in this field is that all ferrites form a spinel structure. Usually, the
starting materials are oxides or precursors of oxides of the cations. The process includes various
metal ions of a pre-selected composition interdiffused to form a mixed crystal. A nonconventional
processing of powders in liquid medium can create intermediate finely divided mixed organic salts
or mixed hydroxides to help the following diffusion process [1].

7

Ferrite powders are not usually the finished products, with the exception of recording
media, copier powders or ferrofluids. Generally, the powders have to be combined in a way as to
form the most suitable microstructure depending on the application.

Besides, cautiously

controlling the powder preparation and sintering techniques will be critical in achieving those
requirements, because both steps enhance each other. The powder characteristics will certainly
influence the product quality [1].
The selection of raw materials will be dictated by the importance of the preferred
properties, along with the kind of equipment and methods, and economic considerations. For
example, if high quality materials are the goal, the material purity should be really high. Ferrites
used for consumer applications need to be inexpensive but because their requirements are less
strict than telecommunication or microwave applications, less pure materials can be used. The
particle size of the raw materials are dependent on the process equipment utilized. For example,
if ball milling is used to blend the initial mix, which reduces particle size, a lower cost coarser raw
material can be used [1].
1.3.1 Conventional solid state reaction method
The theoretical composition of ferrite is usually calculated in mole percent terms. Later,
the mole percent values are converted by classic chemical calculations to weight percentage. For
exact applications, the weighing accuracy should be of about 0.1 percent. Load cell scales are
normally used, which give digital readouts of the weights [1].
Blending can be done wet or dry and with or without coincident grinding. Frequently, ball
milling for ferrites is done wet, because dry milling can create troublesome packing of the powder
on the walls and balls. Also, continuous ball mills and rod mills have been used [1]. In order to
obtain more homogeneous mixtures than those obtained with a ball mill, a vibratory mill can be
used.

Also, an optimum milling time for Mn and Fe oxide components to become more

homogeneous, is around 12 hours of milling. However, the Zn component reaches its maximum
homogeneity at about 4 hours of milling [23].
8

Various dry blenders exist, and nearly all of them are based on high shear mixing. Even
though dry blending is a simpler process, it does not produce the uniformity that a ball mill
produces. Additionally, it allows much air into the powder, making it fluffy and more difficult to
calcine [1]. Particle size and PVA binder influence the parameters of spray dried MnZn ferrite
powders. The PVA distribution on the particles is not uniform, its content influences the shape of
the granules, and in some cases (PVA content above 1.1%) the slurry will produce many hollow
particles [24].
Generally, the calcining temperature will be approximately 100 to 300 °C below the final
firing temperature (900 - 1200 °C). Calcining is used to start the process of forming the ferrite
lattice. In this process, substituent oxides interdiffuse into a chemically and crystallographicaly
uniform structure. The concentration gradient is the driving force for the interdiffusion. As each
of the oxides interdiffuse, some ferrite is created at the interface. The process is complete once
the concentration gradient is no longer there to act as a driving force, and further diffusion is
reduced. The material at the center of each of the oxide particles has difficulty diffusing through
the ferrite because the diffusion distances become greater. To establish again the driving force for
diffusion, the material has to be broken up, exposing the inside of the particles. Also, some
shrinkage occurs during calcining, which reduces the shrinkage in the final sintering. This allows
better control of the final dimension in case where this control is necessary. Additionally, calcining
helps homogenize the material, which is very advantageous. In some cases of premium materials
such as microwave or recording head ferrites, double calcining is used with intermediate millings
[1].
Meanwhile, in the calcining process, the powder will become significantly coarser, and its
color will change from red to gray or black. X-ray diffraction may help to study the degree of
calcining action, which will determine the residual Fe2O3 and the degree of spinel formation, as
suggested by Chol in 1968 [23]. Kang studied in 1992 the variation of microstructure and magnetic
properties in a microwave ferrite with the calcination temperature. His study showed that calcining
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temperature determines the amount of spinel formed and crystallite size, affecting the driving force
of sintering [1].
After calcining, the material becomes coarse and it must be broken up by ball mills. The
total milling will determine distribution of the particle size. This will consequently influence the
homogeneity of the compact going into the final firing, along with the microstructure achieved
after the sintering process. The optimum particle size is generally on the order of 1 micron or
smaller. After milling, the slurry is converted into pressable powder by employing additives or
binders that give strength to the pressed compact. Many of the employed binders include various
gums, cellulose derivatives and poly vinyl alcohol [1].
Most ferrite powders are die pressed with a hydraulic or mechanical press. Pressures from
several thousand psi to as high as 20000 psi may be used, depending on the pressed density and
the characteristics of the powder [1].
The firing of ferrites is closely linked with the powder properties and the powder
processing methods. Also, depending on the final properties desired as dictated by the application,
there are also definite variations in the sintering cycle. The purposes of the sintering process are
to complete the interdiffusion of the component metal ions into the desired crystal lattice, to
establish the appropriate valence state for the multivalent ions by proper oxygen control, and to
develop the most appropriate microstructure for the application [1].
Nowadays, the conventional ceramic process is the way in which a greater part of the ferrite
powders are made. Many non conventional processes suggest using a wet method to produce the
powder. Some of these processes are [1]:
1.3.2 Coprecipitation
There are not many known examples of commercial usage. The initial precipitates can be
of the variety of hydroxides, oxalates, or carbonates. Those precipitates are later thermally broken
down into the corresponding oxides.

The precipitation can be achieved by chemical or

electrolytical process. This process leads to important benefits in the materials: great purity (no
10

grinding necessary), calcining is discarded, better homogeneity and reactivity, fine particle size
[1].
1.3.3 Organic precursors
Countless investigations exist in literature about laboratory preparations which include
organic precursors. However, because of the fire hazard and the high cost of the procedure, the
commercial applications have been restricted. Acetylacetonates and the 8-hydroxy quinolines are
the two most popular organic complexing compounds used in organic precursors to form ferrites
[1].
1.3.4 Co-Spray Roasting
In the co-spray roasting process, the metals are added as dissolved salts (usually chlorides)
in an aqueous medium. The solution is sprayed into a large heated reaction vessel where the metal
salt is hydrolyzed and in the case of iron, then oxidized. The acid (HCL) is recovered and the
mixed oxide is accumulated at the bottom of the roaster. Co-spray roasting, as explained by
Ruthner in 1970 and Akashi in 1973, is the process in which more than one component are sprayed
at the same time. Also, co-spray roasting has commercial applications in ferrites, and includes
many advantages that include: calcining is omitted, the process is economical, and it makes the
material have a higher homogeneity and useful magnetic characteristics [25].
1.3.5 Freeze drying
As explained by Schnettler in 1970, freeze drying method has been used by Bell Lab
workers. The process involves metal ions being dissolved in an aqueous medium and sprayed to
a very cold organic liquid, creating creates fine, frozen spheres. Then, the solvent is removed and
the resulting frozen spheres are later freeze dried to produce mixed crystal precursors. Afterward,
these spheres are decomposed to form ferrites [1].
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1.3.6 Activated Sintering
In 1980, Wagner investigated an alternate method of spray roasting, where a slurry of the
reactant ferrite materials are sprayed into a reaction vessel so that calcining occurs very quickly.
There are no commercial applications reported for this process [1].
1.3.7 Fused Salt Synthesis
This process involves the oxides of salts of the component metals of the ferrite being
dissolved into a low melting inorganic salt that promotes the reaction of the oxides in the molten
state. When the reaction is complete, the soluble salts dissolve leaving the leftover ferrite powder.
Fine milling of the powders is avoided in this process. However, the ferrite powder is very fine
after washing, which indicates the low solubility of the Fe2O3 or other oxides in the molten salt.
In 1971, Wickham used LiSO4-Na2SO4 as the salt mixture as well as Li2CO3 and Fe2O3 as the raw
materials for the ferrite, and was able to create Li ferrite. He was also able to produce MgZnCo
and Ni ferrites employing the same method. In 1981, Kimura was able to duplicate the formation
of the same ferrites using the same fused salt (LiSO4-Na2SO4). Very fine particles (in the range
of micron to submicron size) was the result of this experiment [26].
1.3.8 Sol-Gel synthesis
This is one of the most recent methods. The process starts with hydrolysis of organic
compounds, which produces small colloidal particles that are formed in solution. Later, they link
to produce ceramic particles or a gel.
1.3.9 Hydrothermal synthesis
Hydrothermal synthesis is described as an aqueous reaction of components in a sealed
reaction vessel, which undergo high temperature and high pressure. In 1992, Hasegawa employed
this method to control the particle size of magnetite and hematite. It was assumed that the
conditions that affected the nucleation were responsible. In a different experiment that same year,
Hasegawa was able to control the MnZn ferrite size employing the same method. When the
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process was held in the range of 160 - 300 °C, the particle size was larger than that of particles
created with a different wet process [1].
1.3.10 Mechanical alloying
Mechanical alloying and mechanochemistry has been present in metallurgical circles for
some time. This method spread more than 25 years ago to ceramics on simple oxides such as
magnesia or titania. More specifically, in ferrites, the combination of ferric oxide and zinc oxide
formed zinc ferrite. When prolonging the milling time, mechanical activation properties can differ
from those made conventionally. Simple and complex iron oxides with promising applications in
soft and hard ferrites can be produced by this process [27].
1.3.11 Plasma spraying
In order to produce net shapes of complex geometries, plasma spraying is recommended
because it eliminates difficult machining and material waste. It also removes stresses and related
core losses. Further improving of the results can be done by hot isostatic pressing. In 2000, Yu
found from waste acid solutions used to produce nano sized particles of iron and manganese oxides
for ferrite production a spray pyrolysis method that reduces impurities [28, 29].
1.4 Research Objectives
The main goals and objectives of this research are the following:
•

Synthesize Molybdenum doped cobalt ferrite ceramics with variable Mo content.

•

Characterize the structure of CFMO ceramics with X-ray diffraction and scanning
electron microscopy.

•

Evaluate the frequency and temperature dependent dielectric properties of
molybdenum incorporated cobalt ferrite.

•

Understand the mechanisms responsible for the dielectric behavior, dielectric
relaxation properties, and loss factor associated with CFMO ceramics.

•

Derive a correlation between structure and dielectric properties of CFMO ceramics.
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Chapter 2: Literature Review
Swatsitang et. al. [30] investigated the structure and magnetic properties of cobalt ferrite
(CoFe2O4) nanoparticles prepared by polymer pyrolysis method. A single phase of CoFe2O4 with
a cubic spinel phase was observed. The transmission electron microscopy (TEM) analysis showed
an increase in avg. particle size from 84 to 320 nm with increasing calcining temperature (800 °C
- 1000 °C). However, XRD measurements show an avg. crystallite size increasing only from 80
to 100 nm with the same calcination temperature, which indicated that significant agglomeration
occurred at higher calcination temperatures, but the temperature was not high enough to allow for
recrystallization to form a single crystal particle. All the samples exhibited ferromagnetic behavior
at room temperature with a maximum saturation magnetization (MS) of 3.42 μB and a coercivity
(HC) of 1100 Oe. The research also suggested that increasing the particle size improved the
magnetization of samples at higher calcining temperature. Furthermore, CoFe2O4 nanoparticles
showed a TC above 400 K.
Galizia et. al. [6] examined the microstructure in titania-cobalt ferrite ceramic materials,
which were synthesized via conventional solid state reaction method. Ferrite and titania react to
form different phases and four different ranges of compositions: FCTO-TO with a percent volume
of FCTO from 40-90%; FCTO-CFO with FCTO percent volume from 87-90%; FCTO–TO–CFO
and CTO–FO–CFO composites with 2.5 % and 20.4 % volume of magnetic CFO phase,
respectively. Besides controlling the percent volume of the phases by changing the CFO/TO mass
ratio, they found an inverse correlation between porosity and the molar ratio of the TO/CFO
starting powders. The formation of the FCTO phase (at 800 °C) causes the initiation of cracks due
an expansion that exceeding 5 vol% when the TO/CFO molar ratio is stoichiometric. However, if
the TO/CFO starting powders molar ratio is not stoichiometric, then a finer microstructure is
formed. The results of this investigation can help in understanding the effect of altering the weight
ratios of component powders in designing of ceramic composites with specific percent volumes of
magnetic/dielectric phase.
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Mohamed et. al. [5] studied the structural and magnetic properties of CoFe2-xMoxO4 (x=0
- 0.3) ceramics synthesized by autocombustion citrate precursor method. X-ray diffraction studies
confirmed a pure cubic crystalline single phase.

The coercive field (HC) and saturation

magnetization (MS) decrease with increasing content of Molybdenum. Crystallite size decreased
with increasing Mo content.
Nongjai et. al. [31] studied the structural, electrical and magnetic properties of CoFe2O4
and CoIn0.15Fe1.85O4 nanoparticles prepared by citrate gel route.

X-ray diffraction analysis

confirmed a single phase cubic spinel structure. Also, the calculated average grain size decreases,
while lattice parameter, and porosity increase in the sample with In doping. Scanning electron
microscope was used to observe the microstructure of the particles. Coercivity increases with the
incorporation of In ions. However, the opposite occurs for saturation magnetization with the
doping of In ions. Magnetization and electrical property are also greatly dependent on the grain
size. The dielectric constant (ε0) and dielectric loss (tan δ) were examined with respect to both
frequency and temperature. Both ε0 and tan δ with respect to frequency follow a dispersion due to
Maxwell–Wagner type of interfacial polarization; and thus, dielectric properties are enhanced.
Jauhar et. al. [7] prepared CoFe2-xMnxO4 (x = 0-1) ceramics by sol–gel auto combustion
method with different annealing temperatures.

Transmission electron microscopy (TEM)

observations confirmed a pure phase ferrite formation. Saturation magnetization decreased with
increasing Mn concentration. Lattice parameter increased with the addition of Mn into the cobalt
ferrite lattice. Average crystallite size ranged from 43 to 55 nm. And, the porosity decreased with
increasing Mn concentration.
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Chapter 3: Experimental Procedures
3.1 Solid State Reaction Method
In this research, the processing method employed was conventional high temperature solid
state reaction method. The cobalt ferrite ceramics (CoFe2-xMoxO4) with variable Molybdenum
content (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3) were prepared by mixing pure 99.5% CoO (NOAH
Tech., USA), Fe2O3 (NOAH Tech., USA), and MoO3 (Alfa Aesar, USA) powders. Chemical
composition for each compound was calculated using stoichiometric measurements. Powders of
the starting materials were mixed and ground in an ethyl alcohol medium for 2 hr using an agate
mortar and pestle. After drying, the mixtures were then calcined in a furnace (Sentro Tech Corp)
in air at 1200 °C for 12 hr. Once the calcining process was finished, the samples were left inside
the furnace for it to naturally cool down. Later, the resultant mixture was broken down by grinding
and formed a powder consistency. The powder was then mixed with 5 wt% poly vinyl alcohol
(PVA) binder. Powders were mixed with the binder and then 0.35 g of each powder was placed
inside a die. The powders in the die were pressed into pellets for 3-4 minutes in a Carver hydraulic
press (Carver laboratory equipment hydraulic unit model #3912) into disk specimens with a
diameter of about 7.8 mm and a thickness of about 1.5 mm with a pressure of 5 metric tons. Three
samples were made per compound. Next, the pellets were sintered inside a furnace in air at 1300
°C for 12 hours. After sintering was concluded, the samples were allowed to cool down naturally
inside the furnace. The controllable furnace was set to have a ramp rate of 10 °C/min for heating
and cooling for both calcining and sintering.
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Stoichiometric powders

Mixed by using mortar and pestle
(2hrs, Ethyl alcohol)

Calcination 1200°C/12 hr

Sintering 1300°C/12 hr

Structural and dielectric characterization

Figure 2: Solid state reaction method.
3.2 X-ray Diffraction (XRD) Analysis
Structural characterization of the synthesized samples was carried out using the Bruker
Discover D8 X-Ray Diffractometer shown in Figure 4. By analyzing the XRD data obtained, the
crystal structure, phase, density, lattice parameter and unit cell volume were determined.
The assumption made in deriving the Bragg equation is that the planes of atoms responsible
for a diffraction peak behave as a specula mirror, so that the angle of incidence y is equal to the
angle of reflection. The path difference between the incident beam and the beams reflected from
two consecutive planes is then (x-y). The angular distribution of the peak intensities in the
diffraction spectrum from a regular crystal lattice can be determined by a geometry relation with
the help of the Bragg equation:
𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

where n is the order of reflection, λ is the wavelength of the radiation, d is the spacing
between crystal lattice planes, and θ is the diffraction angle [32].
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XRD measurements were performed at room temperature using Cu Kα radiation (λ =
1.5406 Å) with the range of 2θ from 20° to 80°, with an increment of 0.02°, and a scan speed of 3
degrees per minute.

Figure 3: Schematic representation of X-ray Diffraction. From [32].

Figure 4: Bruker Discover D8 X-Ray Diffractometer available in UTEP.
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3.3 Scanning Electron Microscopy (SEM) Analysis
Surface morphology of CFMO compounds was examined by scanning electron microscopy
(SEM).

The microstructures were obtained with the scanning electron microscope Hitachi

Tabletop Microscope TM-1000 shown in Figure 6.
Scanning electron microscope has a condenser system, a source of high energy electrons,
which employs a probe lens to focus the electron beam into a fine probe that impinges on the
specimen. The electron energy of the beam in scanning electron microscopy is of the order of 3–
30 keV. Similar to the function of objective lens in the transmission electron microscope, the
electromagnetic probe lens in the scanning electron microscope determines the ultimate resolution
attainable in the microscope. When the electron probe interacts with the sample, inelastic
scattering processes occur that provide the microstructural information collected in this instrument
[32].
The interaction of the electron probe with the sample surface generates wide range of
signals which the scanning electron microscope derives and delivers the image. These include:
characteristic X-rays, generated by excitation of inner shell electrons; cathodoluminescence,
excitation in the range of visible light that is associated with valency electron excitation;
backscattered electrons, which are elastically and inelastically scattered out of the surface from the
probe beam. The image displayed on monitor is obtained by scanning the focused electron probe
across the sample surface in a television raster, and then collecting signal from the surface at the
same time base as the raster used to scan the sample. The signal generated by the interaction of
the probe with the sample is collected, amplified and displayed on the monitor [32].
The most commonly used signal is the low energy secondary electrons, which are ejected
from the surface of the target by the inelastic interaction of the sample with the electron beam.
The secondary electrons are emitted in large numbers from a region that is highly localized at the
point of impact of the probe. They are therefore readily detected and are capable of forming an
image whose potential resolution is limited primarily by the diameter of the focused probe at the
sample surface [32].
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Figure 5: Schematic diagram of the Scanning Electron Microscope components. From [32].

Figure 6: Hitachi TM-1000 Tabletop Microscope available in UTEP.
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3.4 Dielectric Measurements
The dielectric properties were measured by coating the pellets with silver paste on both top
and bottom faces and fired at 100 °C for 1 hour on a hot plate to form electrodes. Dielectric
measurements were calculated based on the data collected from the Hewlett Packard 4284A 20 Hz
- 1 MHz precision LCR impedance meter.

Figure 7: HP 4284A LCR meter.
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Chapter 4: Results and Discussion
4.1 Crystal Structure and Lattice Parameter
X-ray diffraction (XRD) patterns obtained from pure cobalt ferrite (CFO) and Mo-doped
cobalt ferrite (CFMO) are shown in Figure 8. The lattice parameters (ao) for different compositions
(x = 0.0 - 0.3) calculated in this research are given in Table 3. Lattice parameter (a), unit cell
volume (V), effective density (ρeff), were calculated from XRD data. Theoretical density (ρth) was
calculated from sample mass and dimensions. The following equations were employed:
1

𝑎𝑎 = [𝑑𝑑 2 (ℎ2 + 𝑘𝑘 2 + 𝑙𝑙 2 )]2
𝑉𝑉 = 𝑎𝑎3

𝑛𝑛𝑛𝑛
𝑁𝑁𝑎𝑎3
𝑚𝑚
= 2
𝜋𝜋𝑟𝑟 ℎ

𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒 =
𝜌𝜌𝑡𝑡ℎ

(1)

where d is the interplanar d-spacing, the (hkl) values are related to the diffraction plane(s), n is the
number of formula units per unit cell, M is the molecular weight, and N is the Avogadro’s number,
m is the mass, r is the radius and h is the thickness of the pellet.
However, in order to calculate a precise lattice parameter, Nelson-Riley (N-R) method was
used [33]. This method follows two steps:
1. Bragg angle (θ) of the peaks with higher intensity from an XRD pattern must be used in
the extrapolation function
cos2 𝜃𝜃 cos2 𝜃𝜃
+
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜃𝜃

(2)

2. The extrapolation function is plotted against the lattice parameter (a) as shown in Figure

9, and the y-intercept gives a more accurate lattice parameter (ao).
XRD data of both the pure CFO and CFMO compounds exhibit same peak orientation.
Even with the addition of Mo into the CFO matrix, CFO maintains its single inverse cubic spinel
phase [2, 5, 30, 34, 35]. The peak positions on all the compositions correspond to those of pure
CoFe2O4 as reported in literature [7]. As shown in Figure 8, XRD peaks are narrow and sharp,
which is usually attributed to the crystalline structure due to processing at high annealing
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temperature (1200 °C to 1300 °C) [7]. The narrowing of the peaks is related to the relief of stress,
and sharpness of the peaks is related to the grain growth, both resulting from the annealing process.
The lattice parameter calculated from XRD data for pure CFO was 8.3764 Å, which agrees
with that of pure CFO reported in literature [2, 3, 5, 10, 36-40]. A gradual increase in lattice
parameter is noted with the progressive addition of Mo Thus, Mo incorporation induces the lattice
distortion leading to changes in the lattice constant [2, 35].
The lattice constant determined from XRD for pure CFO is 8.322 Å, which agrees with
that of pure CoFe2O4 reported in the literature [2]. The remarkable effect of Mo incorporation is
reflected in two important observations in XRD analyses. An increase in the lattice constant is the
first and an increase in the average crystallite size is the later. Lattice constant increases from 8.322
Å (x=0.0) to 8.343 Å (x=0.3) with increasing Mo-content. This can be attributed to the Fe3+ ions
interacting with the Mo6+ ions. As stated earlier, the ionic radius Fe3+ (0.645 Å) is larger than that
of Mo6+ (0.59 Å), which causes the lattice parameter decrease. A similar behavior where Mo
incorporation into Fe sites decreases the lattice parameter is reported by Dwivedi et al. [41].
The density variation of CFMO ceramics with Mo content (x) is shown in Figure 10. It is
noted that the effective density (ρeff) increases with increasing Mo content (x). This can be
explained because the density and atomic weight of Mo3+ and Mo6+,which are 10.222 g/cm3 and
95.95 u, are greater than those of Fe3+ (7.874 g/cm3, 55.845 u) [2]. Rahman et. al. reported a
similar behavior with the incorporation of Gd into CFO [2]. The effect of Mo-substitution on the
unit cell volume is completely dependent on lattice parameter [2] and can be seen in Table 3. Also,
a difference between effective density (ρeff) and theoretical density (ρth) is noted in Table 3. The
reason for this behavior may be a small percentage or pores and atomic size defects, which is
unavoidable in the fabrication of ceramics by high temperature solid state reaction method [2].
In order to calculate the crystallite size and microstrain through peak broadening while
removing the effect of instrumental and crystallite size broadening, Williamson Hall method was
used:
𝛽𝛽𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑘𝑘𝑘𝑘
𝐷𝐷

+ 2𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀
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(3)

where D is the crystalline size, k is a constant with a value of 0.9 for spherical shape particles, λ is
Cu-Kα radiation (1.5406 Å), ε is the microstrain (%), θ is the Bragg angle and βs is the full width
half maxima (FWHM) of the peak.

The analysis involves two steps:
1. The width (βs) of every peak was measured as the intrinsic breadth. The broadening due
to instrumentation was βi. The sample peak width (strain + size) βe was calculated based on the
Gaussian profile
𝛽𝛽𝑠𝑠 2 = 𝛽𝛽𝛽𝛽 2 − 𝛽𝛽𝑖𝑖 2

(4)

2. The crystallite size and microstrain were obtained by fitting the Williamson-Hall

equation in a linear equation of the form:
𝑌𝑌 = 𝑚𝑚𝑚𝑚 + 𝐶𝐶

(5)

where different values of βscosθ and sinθ of the same phase were considered as X and Y values of
the line, respectively [42]. Williamson Hall plots were created for all compositions. The slope
and the y-intercept from the linear fit represent the microstrain and the crystallite size, respectively.
While it is evident that the strain account for changes observed in XRD patterns [43], no
conclusions can be derived since such analysis requires a more detailed account of close intervals
of composition and statistical data for further analysis.
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Figure 8: XRD peaks of CoFe2-xMoxO4 compounds as a function of Molybdenum content (x).
The data indicates that pure and Mo-doped CFO compounds crystallize in a single
phase inverse spinel structure.
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Figure 9: Nelson Riley method for x = 0.1 and x = 0.2: lattice parameter (a) versus Nelson Riley
extrapolation function. Y-intercept gives a more accurate lattice parameter (ao).

Table 3: Lattice parameter, unit cell volume and effective density with respect to
composition.
Amount of
dopant, x

Lattice
Parameter, ao
(Å)

Unit Cell
Volume, V
(Å3)

Effective
Density, ρeff
(g/cm3)

Theoretical
Density, ρth
(g/cm3)

0.00
0.05
0.10
0.15
0.20
0.25
0.30

8.3764
8.3868
8.3886
8.3860
8.3924
8.3760
8.3830

587.7224
589.9142
590.2941
589.7454
591.0967
587.6382
589.1127

5.3033
5.3378
5.3884
5.4476
5.4892
5.5759
5.6162

4.2200
4.3087
4.3902
4.4635
4.5283
4.6420
4.6849
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Figure 10: Effective density (ρeff) and theoretical density (ρth) with respect to Mo composition.
4.2 Morphology
Scanning electron microscopy (SEM) micrographs of pure CFO and Mo doped CFO are
shown in Figure 11. It can be seen from the images that Mo doping causes changes in the
microstructure of CFO. The grain size number was estimated by the linear intercept method
(ASTM E112) performed on various micrographs for each CFMO compound. The linear intercept
method was used to calculate the mean lineal intercept length l, from which grain size number was
determined [44]. The values for both lineal intercept length and grain size number are shown in
Table 4. An increase in l is observed on the CFMO compounds with the initial doping of Mo from
4.48 μm (x=0.00) to 7.39 μm (x=0.05). Additionally, an increase in l is observed with the gradual
addition of the dopant from 7.39 μm (x=0.05) to 9.79 μm (x=0.15) and from 9.62 μm (x=0.20) to
11.77 μm (x=0.25). A slight decrease in l is observed for x=0.20 (9.62 μm) and x=0.30 (10.88 μm)
was also noted. However, the grain size number decreases from 12 (x=0.00) to 10 (x=0.30) with
the addition of the dopant. This behavior is actually normal, because samples with small crystals
have a higher grain size number than those with bigger crystals. Additionally, finer grains give
better fracture resistance to the materials, hence contributing to the mechanical hardness of CFO
[4].
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a) x = 0.00

b) x = 0.05

c) x = 0.10
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e) x = 0.20
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f) x = 0.25

20μm

20μm

g) x = 0.30

20μm
Figure 11: Scanning electron microscopies for samples with varying composition (x=0-0.3).
Images for pure and Mo doped compounds are compared.
Table 4: Grain sizes with respect to composition.
Amount of dopant,

Mean lineal intercept, l

x

(µm)

0.00

4.48

12

0.05

7.39

11

0.10

7.62

11

0.15

9.79

10

0.20

9.62

10

0.25

11.77

9.5

0.30

10.88

10
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Grain size No.

4.3 Dielectric properties - Room temperature measurements
4.3.1 Dielectric constant vs. frequency
Properties such as capacitance, resistance, impedance and dielectric loss for all CFMO
compounds were measured at room temperature with respect to the frequency range of 20Hz-1Mhz
using an LCR impedance meter and written down to be used in calculations. Using the capacitance
and resistance data, the real part of dielectric constant (ε') and imaginary part of dielectric constant
(ε") were calculated. In addition to the capacitance being recorded, loss tangent (tanδ) was
recorded simultaneously. Dielectric constant, dielectric loss, real part and imaginary parts of
dielectric constant are shown in Figure 12 and were calculated with the formulas below:
𝜀𝜀 =

𝐶𝐶∗𝑑𝑑

(6)

𝜀𝜀0 ∗𝐴𝐴

11.29 𝑥𝑥 𝐶𝐶 𝑥𝑥 𝑡𝑡
𝐴𝐴
𝜀𝜀"
tan 𝛿𝛿 =
𝜀𝜀′

𝜀𝜀 ′ =

(7)

(8)

where ε is the dielectric constant, C capacitance in picofarads, d is the thickness of the sample in

cm, ε0 is the permittivity of free space (8.854×10-12 pF/m), A is the sample cross sectional area in
cm2, ε' the real part of dielectric constant, t is the thickness of the sample in cm, tan δ is the
dielectric loss, and ε" is the imaginary part of dielectric constant.
Dielectric constant is shown in Figure 12, and it can be noted that at low frequencies,
dielectric constant is at its highest value. It is also observed that as frequency increases, dielectric
constant drops sharply and becomes almost constant at higher frequencies. A very similar behavior
is seen for dielectric loss with increasing frequency. This behavior is typical of a dispersion due
to Maxwell-Wagner type polarization [2].
The real and imaginary parts of the impedance (Z’, Z’’) decrease with increasing
frequency. The behavior of the real part of impedance Z’ suggests that the conductivity of CFMO
increases with increasing frequency. Also, this occurs as a consequence of electron hopping
becoming greater between ions. Additionally, the behavior of the imaginary part of impedance Z”
indicates a relaxation process occurring between the charge carriers and the oxygen vacancies.
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This aspect of space charge polarization is what defines a structure as heterogeneous, which
justifies the grains and grain boundaries in the CFMO materials [35].
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Figure 12: Room temperature relationship between frequency with respect to (a) dielectric
constant, (b) dielectric loss, (c) Z’, and (d) Z’’.
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4.3.2 Dielectric Constant vs. Frequency
Many aspects cause the polarization in the CFMO materials, which can explain the
dispersion of the dielectric constant (ε’). At lower frequencies, the higher values of dielectric
constant ε’ can be attributed to ions, space-charge interface and grain boundaries, all of which
contribute to polarization. At higher frequencies, however, dielectric constant ε’ decreases, which
can be explained with the influence that polarization has on ions and their orientation.
Furthermore, the data was fitted to the modified Debye’s function because many ions contribute
to the relaxation process. In the model, the dispersion of ε’ was be calculated using the following
formula:
𝜀𝜀’ = 𝜀𝜀’∞ +

(ε’0 − ε’∞ )
[1 + (𝜔𝜔𝜔𝜔)2(1−𝛼𝛼) ]

(9)

where ε’ represents the real part of the dielectric constant, ε’∞ represents the dielectric constant at
the highest frequency measured in the experiment, ε’0 is the dielectric constant at smallest
frequency measured in the experiment, τ represents the relaxation time, α represents the spreading
factor of the relaxation time, and ω=2πf represents the angular frequency in which f is the
frequency applied to 1 V [37].
Cole-Cole approach was employed to obtain the spreading factor α for the CFMO
materials. However, only the real part of the dielectric constant was considered in this thesis. A
graph of the relationship between loge[(ε’0- ε’)/(ε’- ε’∞)] and loge(f) was plotted for all
compositions [2]. This graph is shown in Figure 13, where the data resulted in straight lines for
many x values. The value of 2(1- α) was determined by the slopes of each of these straight lines,
from which α was calculated [2]. The values of spreading factor and relaxation time were
calculated for all the CFMO compounds and are listed in Table 5. Also, these values of τ and α
were used along with the frequency dependent ε’ measured at room temperature for this
experiment and fitted with the model of the modified Debye’s function mentioned previously.
Theoretical and experimental data of this model are shown in Figure 14. It can be observed from
the plots that the experimental data agrees with the calculated data, which proves that the modified
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Debye’s function is a legitimate way to explain the possibility of more than one ion contributing
to the relaxation process [37].
4.5
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Figure 13: Log [(ε100 - ε ') / (ε ' - ε 1MHz)] with respect to frequency.

Table 5: Relationship between composition and relaxation time (sec) and spreading factor
(α).
Composition
CoFe2O4
CoFe1.95Mo0.05O4
CoFe1.90Mo0.10O4
CoFe1.85Mo0.15O4
CoFe1.80Mo0.20O4
CoFe1.75Mn0.25O4
CoFe1.70Mo0.30O4

Spreading factor (α)
0.75
0.74
0.67
0.64
0.61
0.54
0.50
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Relaxation time (sec)
0.24×10-4
14.5×10-4
107×10-4
40×10-4
28×10-4
22×10-4
13.8×10-4
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Figure 14: Frequency dependent dielectric constant for each composition.

4.4 Dielectric properties - Temperature dependent measurements
4.4.1 Dielectric constant vs. temperature
To perform the temperature dependent measurements, the sample assembly of CFMO
compounds were placed individually inside the furnace in the temperature range of 30 °C (303 K)
to 500 °C (773 K). Capacitance, resistance and loss tangent (tan δ) measurements were recorded
simultaneously using an LCR meter in the selected frequencies of 1 kHz, 10 kHz, 100 kHz, and 1
MHz. Temperature dependent dielectric constant ε’ as a function of frequency for CFMO
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compounds is shown in Figure 15. In the pure CFO and CFMO compounds x = 0.05 - 0.10, two
dielectric relaxations for ε’ are observed for the frequency domain of 1 to 10 kHz. In addition,
pure CFO at a higher frequency range (100 KHz-1MHz) exhibits only one dielectric relaxation.
However, the dielectric constant ε’ of CFMO compounds (x = 0.15 - 0.30) increases with
temperature for all frequencies, with no observed relaxation behavior [2].
The main factors that influence these dielectric relaxations are the microstructure, ionic
substitution, defects, electric field, temperature, grain and grain boundaries. It is observed that at
higher temperatures that the hopping of electrons increases because of thermal energy. However,
below a specific temperature, the energy is not enough to initiate the electron hopping. In addition,
ε’ increase due to the dielectric polarization increase a higher temperatures. The high dielectric
constant at low frequencies are the result of the existence of ionic, electronic, dipolar and space
charge polarizations. The polarization with increasing frequency decreases and becomes almost
constant after a specific frequency because the electron hopping can no longer follow the
alternating current. The polarization behavior, therefore, explains the behavior of ε’ at 1MHz [2].
The maximum value of dielectric constant moves to a greater temperature as frequency
increases, which is shown in Figure 15. This behavior exhibits the polarization behavior decrease,
as previously explained. The dielectric constants in relation with the compositions of CFMO are
shown in Figure 18. It is observed from the plots that ε’ increases with temperature, while
simultaneously showing composition of x=0.25 as the one with greater dielectric constant [2].

1200
900

CoFe2O4

10000

1kHz
10kHz
100kHz
1MHz

Dielectric Constant (ε')

Dielectric Constant (ε')

1500

600
300
0
300

8000
6000

CoFe1.95Mo0.05O4
1kHz
10kHz
100kHz
1MHz

4000
2000
0

400

500

600

700

300

Temperature (K)

400

500

600

Temperature (K)

35

700

30000

40000

CoFe1.9Mo0.1O4
1kHz
10kHz
100kHz
1MHz

20000

10000

1kHz
10kHz
100kHz
1MHz

30000
25000
20000
15000
10000
5000
0

0
300

CoFe1.85Mo0.15O4

35000

Dielectric Constant (ε')

Dielectric Constant (ε')

40000

400

500

600

700

300

400

70000

1kHz
10kHz
100kHz
1MHz

30000
20000
10000
0
300

700

CoFe1.75Mo0.25O4
1kHz
10kHz
120000
100kHz
100000
1MHz
140000

Dielectric Constant (ε')

Dielectric Constant (ε')

40000

600

160000

CoFe1.8Mo0.2O4

60000
50000

500

Temperature (K)

Temperature (K)

80000
60000
40000
20000

400

500

600

0
300

700

400

500

600

700

Temperature (K)

Temperature (K)
80000

Dielectric Constant (ε)

70000
60000
50000

CoFe1.7Mo0.3O4
1kHz
10kHz
100kHz
1MHz

40000
30000
20000
10000
0
300

400

500

600

700

Temperature (K)

Figure 15: Real part of dielectric constant for each composition vs. temperature as a function of
frequency.
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4.4.1 Dielectric loss vs. temperature
Dielectric loss factor (tan δ) generally represents the energy loss and it follows the
relationship of
𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 =

𝜀𝜀”
’
𝜀𝜀

(10)

where δ is the angle between the induced current and electric field applied. The main contributor
that gives rise to dielectric losses is the lag of polarization behind the electric field applied, which
is caused by density, imperfections, grain boundaries, and impurities in the material. High porosity
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produces a lower density in the crystals, resulting in higher dielectric losses and low dielectric
constant [2]. The relationship between tan δ and composition of CFMO compounds is shown in
Figure 17. Each plot exhibits the data for a specific composition with temperature variation and
selected frequencies. An increase of tan δ that reaches a maximum value with respect to increasing
temperature is observed, which can be attributed to the hopping of electrons, Fe and Mo ions. A
similar behavior is described in the investigation of CFO doped with gadolinium by Rahman et.
al. [2].
The maximum dielectric loss of the compound is found with the relationship 𝜔𝜔𝜔𝜔 = 1,

where 𝜔𝜔 = 2𝜋𝜋𝜋𝜋. Also, relaxation time τ can be expressed as 𝜏𝜏 = 1/2𝑝𝑝 or 𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝑝𝑝, where p
is the probability of jumps per unit time. The maximum tan δ changes to a greater temperature

value for larger frequencies, which implies that the probability of jumps increases with frequency
[2]. On the other hand, the maximum tan δ moves to a lower of temperature with increasing dopant
concentration. This means that the probability of jumps per unit time decreases with the addition
of Mo in the CFMO compounds. This, in addition, is caused by the decreasing iron concentration
in the octahedral site, which is the reason of polarization of the spinel structure. Therefore, the
increasing applied frequencies and increasing doping of Mo enhance the dielectric loss tan δ [2].
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Chapter 5: Conclusions
X-ray diffraction (XRD) observations confirmed that pure CFO has a single inverse cubic
spinel phase, which is maintained with the addition of Mo dopant. Doping of Mo increases both
effective density (5.3033 – 5.6162 g/cm3) and theoretical density (4.3 – 4.6849 g/cm3). However,
the difference between the densities is due to pores and defects caused by the synthesis method
and can not be avoided. Scanning electron microscopy (SEM) observations showed an increase in
grain size with increasing Mo content. Grain size was estimated by linear intercept method (ASTM
E112), which showed an increase in average linear intercept length from 4.48μm (x=0.00) to
10.88μm (x=0.30), from which grain size number was determined to range from 12 to 10,
respectively. The room temperature frequency dependent dielectric constant, dielectric loss, real
and imaginary parts of impedance exhibited a Maxwell Wagner type polarization. The room
temperature dispersion of the dielectric constant was fitted to the modified Debye’s function,
which considers the contribution of more than one ion to the relaxation process. Cole- Cole
method was used to obtain the spreading factor and relaxation time. The dielectric constant
experimental data was later fitted with the modified Debye model, and resulted in good agreement
between the two. Temperature dependent dielectric constant decreases with respect to frequency,
exhibiting Maxwell Wagner type polarization. Also, temperature dependent dielectric constant as
a function of composition increased with increasing temperature. Additionally, dielectric loss
increased with increasing temperature portraying its maximum value. The tanδ exhibited a
behavior where its maxima shifts to a higher temperature value for higher frequencies. Moreover,
the maxima of tanδ shifts to a lower temperature value for a higher concentration of the dopant,
which means that tanδ can be enhanced with higher frequencies and higher dopant concentration.
The results demonstrate that the crystal structure, microstructure, and dielectric properties can be
enhanced by Mo incorporation in the CFMO ceramics.
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Chapter 6: Future Work
Although this thesis work presents some preliminary investigation of Mo incorporation
into cobalt ferrite, a more detailed account of strain, crystal structure and lattice parameter
evolution can be studied. Also, it would be very interesting to conduct magnetic measurements on
the materials and create a correlation between structural, dielectric and magnetic properties on
CFMO compounds. Also, it would be interesting to synthesize CFWO compounds and comparing
those results with CFMO results.
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